Three different broadband sensitization concepts for optically active erbium ions are reviewed: 1) silicon nanocrystals, with absorption over the full visible spectrum, efficiently couple their excitonic energy to Er 3ϩ , 2) silver-related defect states in sodalime silicate glass have absorption in the blue and transfer energy to Er 3ϩ , and 3) organic cage complexes coordinated with well-chosen chromophores serve as broadband sensitizers in the visible. Energy transfer rates, efficiencies, and limiting factors are addressed for each of these sensitizers. Implications of the use of strong sensitizers for planar waveguide design are illustrated by using a model for the sensitizing effect of ytterbium.
INTRODUCTION A. Erbium-Doped Planar Amplifiers
Er-doped materials are of great interest in optical communications technology, as they can serve as the gain medium in lasers and optical amplifiers operating at the standard telecommunications wavelength of 1.5 m.
1,2
Er 3ϩ ions, when incorporated in a solid host, show welldefined energy levels of the 4f-shell electronic configurations (see Fig. 1 ). 3 The transition from the first excited state to the ground state ( 4 I 13/2 → 4 I 15/2 ) occurs at 1.53 m and is being employed to provide the gain in optical fiber amplifiers in long-distance telecommunication links worldwide. Currently, planar photonic integrated circuits are being developed to perform functions such as guiding, splitting, switching, wavelength multiplexing, and amplification of light on a single chip. The planar amplifier is an important component in planar integrated photonic circuits. It can serve, e.g., to compensate for coupling losses, waveguide losses, or the power division in optical splitters.
A schematic layout of an Er-doped planar optical amplifier is shown in Fig. 2 . Pump and signal beams are coupled into the device through separate input waveguides, and then combined in a wavelength division multiplexer (WDM). Next, an Er-doped waveguide section is rolled up on a small area in the spiral structure (amplifying waveguide spiral, AMP) to combine long interaction length with small device area. After the AMP section, signal and pump are separated in a WDM and a 1 ϫ 4 splitter is added. The full device would then operate as a loss-free optical splitter. Note that the total device area is determined mostly by the size of the AMP spiral. By using a high-index waveguide core, waveguide bends as small as 50 m can be made and the spiral dimensions kept as small as 1 mm 2 .
We have fabricated an Er-doped amplifier based on Al 2 O 3 waveguide technology. 4 To make these waveguides, a SiO 2 buffer layer is first grown on a Si substrate. Next, a 600-nm-thick Al 2 O 3 film is deposited by radio frequency magnetron sputtering from an Al 2 O 3 target. 5 Er ions are then introduced into the film using ion implantation, and the waveguide layout (as in Fig. 2 ) is defined by Ar-atom-beam etching. Finally, a SiO 2 cladding layer is deposited, and the input and output facets are mechanically polished. Figure 3 shows an optical gain measurement on this structure in which a 4-cm-long waveguide was doped with Er to a peak concentration of 0.3 at.%. By using 10 mW of laser power at 1.48 m coupled into the waveguide, a gain at 1.53 m of 4.0 dB is realized. After subtracting the waveguide loss for this particular waveguide, the net gain (from input to output facet) is 2.3 dB. As far as we know, this is the smallest Er-doped optical amplifier fabricated to date. Several other groups have reported the fabrication of planar optical amplifiers based on silicate glasses. a high Er concentration is required. At the same time, for a high Er concentration, cooperative upconversion will cause the effective decay rate from the first excited state to increase, and a higher pump power is required to achieve a certain degree of population inversion. For example, in Fig. 3 , the pump power (in the waveguide) required to achieve net gain is 3 mW, while only 0.5 mW would be required if no upconversion took place.
An additional gain-limiting factor in Er-doped amplifiers is excited-state absorption (ESA), which occurs at high pump power. For example, a 1.48-m pump photon can bring an excited Er ion from the 4 I 13/2 level into the 4 I 9/2 level. The effect of ESA on the optical gain becomes significant when the higher-lying states have appreciable lifetimes, leading to population buildup in levels that do not contribute to gain. ESA becomes important when high pump powers are required, for example, to compensate for the effect of upconversion. The effect of ESA is illustrated in Fig. 4 (a), which shows a calculation of the Er population in a waveguide core consisting of a 2-m wide, 520-nm thick ridge etched into an 800-nm thick, Erdoped Al 2 O 3 film. 10 The waveguide is pumped at 1.48 m at a power of 100 mW. The Er population is plotted as integrated over the thickness of the waveguide. The calculation takes into account the measured upconversion coefficient and Er absorption and emission cross sections, as well as the three-dimensional, 1.48-m pump and 1.53-m signal mode distributions. The dip in the center of the waveguide at the entrance facet is due to ESA. The effect on the differential signal gain is seen in Fig.   4 (b). It shows that at a pump power of 100 mW, ESA causes net signal loss. As the pump power decreases along the waveguide as a result of both absorption by Er and waveguide losses, the effect of ESA decreases and, initially, the differential gain increases. The differential gain becomes negative near the end of the waveguide because of the reduced pump intensity. The existence of an upper limit on the pump power shows that ESA puts a maximum to the length of a single-end-pumped waveguide amplifier. We note that the ESA cross section is strongly materials dependent, its being relatively large for Al 2 O 3 (with widely spread Stark levels) and small for, e.g., silica-based glasses. In addition, the shorter Er 3ϩ excited-state lifetimes in silica glasses result in the effect of ESA on the population distribution being smaller in these materials.
As shown above, cooperative upconversion and ESA are the two main factors that determine amplification performance. 11 The strength of both processes determines the optimum concentration, maximum gain, and required pump power. Typically, high pump powers in the 10-100-mW range are required, meaning, in turn, expensive 980-nm and 1480-nm lasers are necessary. Such pump lasers constitute a significant fraction of the cost of a planar amplifier. To avoid the use of a pump laser, a radically new approach is required. This is where sensitizers come in. A sensitizer coupled to an Er ion absorbs light at a cross section much larger than that of Er and then transfers its energy to Er. If the sensitizer has a broadband absorption spectrum it may be pumped by a white-light source or an LED, rather than a laser. In such a case, by choosing the proper pump wavelength, ESA may also be avoided.
C. Sensitizers for Erbium
In this paper we review sensitizers based on three classes of materials: (1) semiconductor nanocrystals, (2) metal ions, and (3) organic complexes. Before doing so, we first briefly discuss the well-known concept of Yb as a sensitizer for Er. While this concept has been well documented in the literature, and it is not the intent to review it fully here, we discuss it in Section 2 to demonstrate some of the general characteristics of a sensitizer, and show that it has a beneficial effect only under carefully chosen conditions of concentration, waveguide length, and pump power. In Section 3, we describe Si nanocrystals as sensitizers for Er. They can be excited using a broadband light source, and they show strong coupling to Er. The energy transfer rates, efficiencies, and concentration limits are described, and measurements on a waveguide based on Si-nanocrystal-doped SiO 2 are presented. Then, in Section 4 we describe an entirely new concept, the use of Ag ϩ ions in silica glass that have a very strong sensitizing effect on Er. Some details of the coupling between Ag ϩ and Er are described. In Section 5, we describe rare-earthdoped, organic cage complexes that can be integrated with polymer waveguide technology. By taking advantage of the rich organic synthesis technology, a variety of sensitizers can be functionalized with the rare-earthdoped organic cage complexes. We demonstrate sensitizing effects of both the aromatic rings of the encapsulating ligand and aromatic moieties (such as lissamine) that are attached to rare-earth-doped complexes.
In Section 6 we describe a waveguide coupling geometry that is designed to optimize the coupling from a sensitizer to a rare earth in a planar integrated circuit. Section 7 summarizes and compares the sensitizing effects of the four materials described in this paper. Finally, in Section 8, we briefly outline how erbium can be used as a sensitizer itself, either to generate excitons in singlecrystalline silicon or to excite thulium ions that then emit a broad infrared spectrum, and may permit optical amplifiers with very large bandwidth.
YTTERBIUM AS A SENSITIZER FOR ERBIUM
The Yb 3ϩ ion's strong absorption at Ϸ980 nm has made it an obvious candidate for use as a sensitizer for Er. [12] [13] [14] [15] [16] Sensitization relies on the fact that the 2 F 5/2 level of Yb 3ϩ and the 4 I 11/2 level of Er 3ϩ are nearly resonant in energy. Yb 3ϩ can be excited either by a pump laser in its relatively narrow 980-nm absorption band, or by a narrowband light source that is absorbed in the broad 850-980-nm absorption band of Yb 3ϩ . 17 As the Yb 3ϩ absorption cross section at 980 nm is roughly ten times higher than that of Er 3ϩ , 18 pump radiation at 980 nm is efficiently absorbed and can then be transferred to Er 3ϩ (see Fig. 5 ). This process is more power-efficient than direct excitation of Er 3ϩ in many materials, i.e., per incoming photon, more Er 3ϩ is excited per unit length. It should be noted that the reverse energy transfer process (backtransfer from Er 3ϩ to Yb 3ϩ ) is also possible, and several studies have been devoted to minimizing this effect. 19, 20 To determine the optimum Yb concentration for sensitizing erbium is not a trivial task: It is strongly linked to the waveguide cross section, the upconversion coefficient, and the ESA cross section. To illustrate this we have developed a rate-equation model, the details of which are described in Ref. 21 . The processes taken into account are indicated in Fig. 5 .
Calculations were performed for 2-m wide, Al 2 O 3 ridge waveguides embedded in SiO 2 (see inset in Fig. 6 ) that were homogeneously doped with Er and Yb. Most of the cross sections, decay rates, and energy transfer rates necessary as input to the model are known for Er-doped Al 2 O 3 .
18 Gain calculations were performed by assuming that only the fundamental mode at 980 nm is present in the waveguide. The effect of amplified stimulated emission was not taken into account. The development of the power in pump and signal mode was calculated over the length of the waveguide. Pump and signal were copropagating. First, we will discuss the signal output from Er 3ϩ -doped ridge waveguides codoped with various concentrations of Yb 3ϩ . The optimal Er 3ϩ concentration (3.35 ϫ 10 20 cm Ϫ3 ) determined in previous work on pure Al 2 O 3 waveguides (without Yb) 4, 9 was used as the starting point in the calculations. Figure 6 shows the small-signal gain as a function of launched pump power at 980 nm for a fixed waveguide length of 8 cm. is not inverted and most of the signal is absorbed (negative gain). In increasing the pump power we first notice an effect on the signal output of the waveguide containing no Yb 3ϩ . As the Yb 3ϩ concentration is increased, the curves in Fig. 6(a) show a smaller initial increase with pump power. This behavior is a result of the higher absorption cross section of Yb 3ϩ with respect to Er 3ϩ , which limits the propagation of the pump through the waveguide and thereby the length over which the Er 3ϩ is inverted. The gain at 1530 nm is determined by the difference in populations of the Er 3ϩ 4 I 13/2 and 4 I 15/2 energy manifolds averaged over the waveguide length.
A. Gain for Fixed Waveguide Length
Increasing the pump power further will eventually lead to a higher signal output for the Er 3ϩ -Yb 3ϩ -doped waveguide than for the Er 3ϩ -doped waveguide. For example, for the waveguide with 3.35 ϫ 10 20 Yb/cm 3 , this crossover occurs at a launched pump power of Ϸ16 mW [see Fig.  6 (a)]. The crossover will take place at higher pump powers as the Yb 3ϩ concentration is increased. For very high pump powers, however, the signal output from all waveguides depends only on the Er 3ϩ concentration and reaches the same value for all Yb 3ϩ concentrations. This is the limit of full inversion of all Er 3ϩ ions in the waveguide. Figure 6 (b) shows the corresponding data for a waveguide of 4-cm length. The details of this graph are the same as described for Fig. 6(a) , although shifted to lower pump power. This is because the depletion of the pump is less for the shorter waveguide, thus, a greater fraction of the Er 3ϩ is excited. However, the figure better illustrates the behavior at high pump powers, namely, the output signal's approaching its high-pump-power limit for all Yb 3ϩ concentrations (the slight variations in gain at high pump powers reflect the differences in inversion of Er 3ϩ in the tails of the signal mode).
The saturation at high pump power naturally follows from the energy transfer mechanism between Yb 3ϩ and Er 3ϩ : The efficiency of the energy transfer from Yb 3ϩ to Er 3ϩ is limited by the transfer rate constant and the population in the Er 3ϩ ground state (assuming for simplicity that the population of the Er 3ϩ 4 I 11/2 state is negligible, we can neglect Er → Yb energy backtransfer and energy transfer to higher-lying states). This means that by increasing the launched pump power we will eventually reach a regime in which the excitation of Er 3ϩ by way of Yb 3ϩ can be neglected compared with its direct excitation. This is due both to the depletion of the ground state population of Er 3ϩ and to the limitation on the energy transfer resulting from the finite energy transfer rate constant, which is independent of pump power. If the amplifier is operated at such pump powers, Yb 3ϩ codoping will have only a marginal effect (in our case, seen only in the tails of the mode) and so will be unnecessary.
On the low end of the power scale, there is, however, a rather clear correlation between gain threshold, length of the waveguide, and Yb 3ϩ concentration. While for the 8-cm waveguide [ Fig. 6(a) 
B. Maximum Gain
In Fig. 7 we have plotted the results of calculations of the maximum gain as a function of launched pump power for several Yb 3ϩ concentrations between 3.35 ϫ 10 20 and 26.8 ϫ 10 20 cm Ϫ3 . Additionally, the calculated gain in a waveguide doped exclusively with Er 3ϩ is depicted. Each point in the plot represents a waveguide whose length is optimized for maximum gain at a given pump power. This means that the waveguide length is chosen such that at its end the transparency condition, an average inversion of 50% over the cross section of the waveguide, is fulfilled. Consequently, the length of the waveguide differs for each of the points in the plot, both as a function of pump power for a given Yb 3ϩ concentration and as a func- There are several noteworthy points about this plot. First, the threshold injected pump power for gain decreases with increasing Yb 3ϩ concentration. This is a consequence of the higher excitation probability of Er 3ϩ by way of Yb 3ϩ at low pump powers, which is the result of the high absorption cross section of Yb 3ϩ and efficient energy transfer toward Er 3ϩ . Second, the slope of the curves, once the gain threshold is reached, decreases with increasing Yb 3ϩ concentration. This is a signature of the higher conversion efficiency of absorbed pump photons for waveguides with smaller Yb 3ϩ concentration. The lower the concentration of Yb 3ϩ , the smaller the losses of pump energy caused by spontaneous decay of the Yb 3ϩ ions. This feature becomes especially important for high inversion of the Er 3ϩ , since in this case the probability is small that an excited Yb 3ϩ ion can transfer its energy to an Er 3ϩ ion in its ground state. This also implies that with increasing launched pump power, waveguides with higher Yb 3ϩ concentration will eventually have less gain than waveguides with lower Yb 3ϩ concentration. As a consequence, the maximum gain curves of waveguides with different Yb 3ϩ concentrations will cross at a certain pump power. Several of these crossings can be seen in Fig. 7 . Incidentally, the launched pump power at which these crossings occur should be independent of the inclusion of amplified spontaneous emission in the calculations, since amplified spontaneous emission depends-to first order-on the total inversion of the waveguide. For equal gain, this total inversion has to be equal for the two waveguides involved.
It is clear from Fig. 7 Finally, we address the relation between Yb 3ϩ concentration and launched pump power necessary to achieve a fixed gain (again for optimized length). This corresponds to a horizontal cut through Fig. 7 and has been plotted in Fig. 8 concentration is chosen, the pump power needed to achieve a certain gain level rapidly increases. Included in Fig. 8 are two curves that show the waveguide lengths at which gains of 1.8 and 3 dB are achieved as a function of Yb 3ϩ concentration (open symbols). The waveguide length is a decreasing function of Yb 3ϩ concentration, which reflects the increased absorption in the waveguide due to Yb 3ϩ . Reducing the length of a waveguide amplifier by Yb 3ϩ codoping may hold interest from a device design point of view, but it is clear that the penalty paid in pump power for a small reduction of waveguide length is large beyond the Yb 3ϩ concentration at which the required pump power has its minimum (see Fig. 8 ). This is because the shorter waveguide length has to be offset by gain in the tails of the mode and therefore an oversupply of power in the central part of the waveguide. In materials in which ESA of the pump radiation plays a role, this might actually have deleterious effects. This section on Yb as a sensitizer gave a brief overview of the advantages and limitations of the use of a sensitizer for Er. Similar studies are required for the three sensitizer concepts that follow in Sections 3, 4 and 5, in which we take into account their absorption spectra and cross sections.
SILICON NANOCRYSTALS AS SENSITIZER FOR ERBIUM
Bulk semiconductors are the natural sensitizers for rareearth ions. When embedded in a semiconductor, the rare earths act as point defects that generate defect levels in the bandgap. Optically or electrically generated carriers in the semiconductor can then become trapped at these defects to form a bound exciton. As the exciton has strong spatial overlap with the rare earth, it can recombine by transferring its energy to the rare earth (impurity Auger process). Er-doped bulk Si has been studied extensively. 22 One disadvantage of the bulksemiconductor-Er system is that, because of the strong exciton-Er coupling, not only carrier-mediated excitation, but the reverse process, i.e., quenching of the Er by the generation of an exciton, can take place. This backtransfer is the major reason that in Si the Er luminescence is nearly fully quenched at room temperature. [23] [24] [25] This problem can be solved in two ways: by increasing the bandgap of the semiconductor so that the energy barrier for backtransfer is increased, or by decreasing the coupling between the exciton and the Er. 26, 27 We first briefly discuss the bandgap engineering option and then report on how the coupling can be reduced. The bandgap of Si can be enhanced by codoping with oxygen. We have studied a highly O-and H-doped Si material (SIPOS) that we doped with Er by ion implantation. 28 Photoluminescence excitation spectroscopy showed the Er was excited indirectly, i.e., through photocarriers in the amorphous semiconductor (bandgap ϳ2 eV). By taking advantage of the semiconducting nature, the Er could also be excited electrically, by impact excitation. 29 This first Er-doped, Si LED was reported several years ago. 30 Experiments were also performed on this same semiconductor upon its crystallization. In this case a highly connected nanosilicon network formed, embedded in SiO 2 and doped with Er. In this material a clear sensitizing effect was observed as well. 31 Photocarriers excited in the Si nanostructures lead to the excitation of Er ions in the oxide matrix. Because the carrier lifetime in the highly defective Si nanostructures was small, the overall Er sensitization efficiency was well below 100%.
Recently, Fujii et al. 32 reported that the presence of Si nanocrystals in Er-doped SiO 2 considerably enhances the effective Er absorption cross section. This material is quite different in structure from crystalline SIPOS; the Si nanocrystals are randomly dispersed in the matrix, are single-crystalline, spherical in size, and spaced at distances in the 2-5-nm range, depending on the concentration. Depending on the preparation condition, they may have very low nonradiative internal recombination rates, thus enabling high sensitization efficiency. Following this observation, a number of papers appeared that showed similar results for similar materials prepared using different techniques. [33] [34] [35] [36] All observations strongly suggest that energy is transferred from Si nanocrystals to Er ions in the SiO 2 matrix. The excitation and energy transfer model is given in Fig. 9 (a), which shows a schematic band diagram of SiO 2 containing a Si nanocrystal and an Er 3ϩ ion. First, a photon is absorbed by the nanocrystal, which causes generation of an exciton bound in the nanocrystal. The exciton can recombine radiatively, emitting a photon with an energy that depends on the nanocrystal size. Alternatively, if an Er ion is present close to the nanocrystal, the exciton can recombine nonradiatively by bringing Er into one of its excited states. To study this process in detail we fabricated Si nanocrystals in thermally grown SiO 2 at a density of 10 19 nanocrystals/cm 3 , and doped this material with Er by ion implantation. Details of the fabrication process are described in Refs. 37-39. Figure 10 shows photoluminescence (PL) spectra taken at 20, 60, 180, and 300 K at a pump power of 10 mW for a sample doped to an Er peak concentration of 1.8 at.%. At all temperatures a broad luminescence band is observed extending from 0.6 m to 1.1 m that is attributed to the radiative recombination of excitons localized at Si nanocrystals. The exciton luminescence appears at energies above the bandgap energy of bulk Si as a result of quantum confinement. 40 The large spectral width of the nanocrystal luminescence is the result of the rather broad nanocrystal size distribution (diameter 2-5 nm) in addition to homogeneous broadening. 41 Superimposed on the nanocrystal PL spectrum, a relatively sharp peak is observed at 982 nm corresponding to the 4 42 The smooth dependence of the Er signal on wavelength indicates that the Er is not excited directly by optical absorption, but indirectly by energy transfer involving Si nanocrystals. 32, 33, 36 The excitation spectra show that at a fixed pump power, the nanocrystal luminescence inten- sity and the Er luminescence intensity increase by a factor of two when the excitation wavelength is decreased from 514 nm to 459 nm. This is due to the increasing nanocrystal optical absorption cross section for increasing photon energy. 43 In Fig. 10 it can be seen that increasing the temperature from 20 to 300 K first causes the nanocrystal luminescence to increase by 16% and then to decrease by 75% on going from 60 to 300 K. This kind of temperature dependence is commonly observed for Si nanocrystals, and can be described fully by a model that takes into account the temperature-dependent population of the exciton singlet and triplet states (with high and low radiative decay rates, respectively) in competition with nonradiative processes. 44 The Er luminescence peak at 1536 nm exhibits an entirely different temperature dependence. The temperature increase only induces spectral broadening as a result of the thermal redistribution over the Stark levels, while the integrated intensity remains constant within 10%. Figure 12 shows decay curves of the nanocrystal luminescence at 750 nm (a) and the Er luminescence at 1536 nm (b), measured at 15 K and 300 K at a pump power of 1 mW for the same sample as in Fig. 11 (1.8 at.% Er). It is found that the nanocrystal decay rate increases from 1.5 ϫ 10 3 s Ϫ1 to 4.8 ϫ 10 4 s Ϫ1 upon increasing the temperature from 15 to 300 K, which is consistent with the exciton singlet-triplet model. 44 The Er decay time at 1536 nm is found to be 2.1 ms at all temperatures between 20 and 300 K, which implies that the Er transition at 1.5 m is not quenched at room temperature.
A. Nanocrystal-Erbium Energy Transfer Rate and Efficiency
A consistent description of the observed temperature dependences can be obtained if we assume efficient coupling between a Si nanocrystal and Er. If the energy transfer from a nanocrystal to Er is fast, we expect to see no luminescence from a nanocrystal that is coupled to Er, since any generated exciton will immediately recombine nonradiatively by exciting Er. Such fast transfer might occur because at the high nanocrystal density (Ϸ10 19 cm Ϫ3 ) the maximum distance between an Er ion and the nearest nanocrystal is Ϸ1 nm. This implies that the exciton wave function has significant overlap with the Er 4f electrons. The Er luminescence intensity will then be determined by the product of the nanocrystal absorption cross section, which is approximately temperature independent, and the Er luminescence efficiency, which is also temperature independent [ Fig. 12(b) ].
The fact that the Er luminescence intensity is constant up to room temperature implies that the energy transfer to Er occurs well within the nanocrystal decay time at 300 K, which is 21 s. Consequently the transfer rate constant must be larger than Ϸ10 6 s Ϫ1 at room temperature. In this case all observed nanocrystal luminescence originates from nanocrystals that do not couple to Er, while nanocrystals that do couple to Er show no luminescence. This model is shown schematically in Fig. 9(b) . Note that in this model the coupling is strong enough to quench the nanocrystal luminescence. At the same time, it must be weak enough that energy backtransfer from excited Er to the nanocrystal does not occur. The spatial separation between the nanocrystal and Er, and hence moderate overlap between exciton and Er, then leads to this intermediate and desired coupling. Indeed, the coupling constant measured for nanocrystal-Er coupling is several orders of magnitude smaller than that for Er in bulk Si, in which strong energy backtransfer is observed. 25 To determine the Er excitation efficiency, we measured the time dependence of the nanocrystal and Er lumines- cence intensity as the pump beam is switched on and off, again for the sample with 1.8 at.% Er (Fig. 13) . The curves measured on switching on the pump show an initial rise followed by saturation, which corresponds to an initial increase in the population of excited Er followed by buildup of a steady-state population. The curves measured on switching off the pump show the gradual decrease in excited Er population due to spontaneous decay. From the data in Fig. 13 , taken at a pump power of 5 mW at 15 K, we derive the luminescence 1/e rise time ( r ) and decay time ( d ), from which the excitation rate R ϭ (1/ r Ϫ 1/ d ) can be deduced, assuming that the Er and the nanocrystals effectively behave as two-level systems. At a pump intensity of 5 mW/mm 2 we find for the nanocrystal excitation rate R nc ϭ 940 s Ϫ1 and for the Er excitation rate R Er ϭ 570 s Ϫ1 . Note that this Er excitation rate may contain a contribution of excitation into the higher-lying Er energy levels, followed by nonradiative relaxation to the first excited state. Comparing the nanocrystal and Er excitation rates, we conclude that at least 60% of the generated excitons recombine by transferring energy to Er. 45 This high conversion efficiency is in agreement with the intermediate coupling model.
B. Erbium Concentration Limit
The high excitation efficiency also raises a new question. At the peak concentration of 1.8 at.% Er, the Er-tonanocrystal ratio is Ϸ100:1, which implies that in principle many Er ions compete for the same exciton. Nevertheless, the observed Er excitation rate (per ion) is close to that of a single nanocrystal. This leads to the conclusion that a single nanocrystal can effectively excite only Ϸ1-2 Er ions. This observation, together with the estimated nanocrystal concentration of 10 19 cm Ϫ3 , implies that the maximum excitable Er concentration is Ϸ(1 -2) ϫ 10 19 cm Ϫ3 (Ϸ0.02-0.04 at.%). To study this effect in more detail, PL spectra were taken of different samples with Er concentrations in the range 0.015-1.8 at.%. All data were taken at 15 K and are plotted in Fig. 14 . A spectrum for a sample containing nanocrystals only is also shown. It shows the broad luminescence due to the radiative recombination of quantum-confined excitons in nanocrystals with a broad size distribution. The incorporation of 0.015 at.% Er reduces the nanocrystal luminescence by more than a factor of two, and a luminescence peak due to Er appears at a wavelength of 1536 nm. Increasing the Er concentration leads to a further reduction of the nanocrystal luminescence intensity, accompanied by an increase of the Er luminescence intensity. This behavior is consistent with the intermediate coupling model, in which a nanocrystal becomes ''dark'' once it couples to a nearby Er ion. Increasing the Er concentration therefore increases the fraction of dark nanocrystals. A saturation in the Er PL intensity is observed as the Er concentration exceeds 0.17 at.%. As can be seen in Fig. 15 , even for the highest Er concentrations, some nanocrystal luminescence is observed. This is attributed to the fact that the Er implantation depth profile in this particular sample is slightly deeper than the Si nanocrystal depth profile, 38 so that some nanocrystals in the near-surface region do not couple to Er.
To determine the concentration-dependent Er excitation rate, we performed rise time and decay time mea- surements of the Er luminescence at 1536 nm. At the applied pump power of 1 mW all samples show approximately exponential time dependences. Figure 15 shows the measured rates W rise ϭ 1/ rise and W decay ϭ 1/ decay obtained by exponential fitting of the data. The Er decay rate increases from 500 s Ϫ1 to 700 s Ϫ1 as the Er peak concentration is increased from 0.015 at.% to 1.8 at.%. This increase is attributed to a concentration-quenching effect that is known to occur when rare-earth ions are spaced closely enough to allow for energy exchange between neighboring ions. As a result, excitation energy can migrate to neighboring ions, which may in turn be coupled nonradiatively to quenching sites, e.g., defects or OH groups present in the matrix. 1 In a simple concentration-quenching model, the Er decay rate increases linearly with Er concentration, which is indeed observed in Fig. 15 . By measuring the slope of the decay rate data in Fig. 15 we can estimate 46 that the concentration of quenching sites in the Er-implanted, Sinanocrystal-doped SiO 2 film is as low as 10 18 cm Ϫ3 . Data for the Er excitation rate R exc ϭ (1/ r Ϫ 1/ d ) are also shown in Fig. 15 . At an Er concentration of 0.015 at.%, the Er excitation rate is 600 s
Ϫ1
. Increasing the Er concentration to 0.17 at.% reduces the excitation rate by a factor of 2. A further increase of the Er concentration has no effect on the excitation rate, even though at these concentrations several Er ions might couple to the same nanocrystal, which would reduce the excitation rate per Er ion. That such a reduction is not observed shows there is an upper limit to the number of Er ions that can be excited by a single nanocrystal. From the data in Fig.  16 it is clear that this limit is reached at an Er concentration Ͻ0.17 at.%. This is consistent with the limit of 0.02-0.04 at.% found above.
The data in Fig. 14 show a sublinear increase of the Er intensity with concentration. This can be ascribed to the fact that as the Er concentration is increased, the exciton concentration available for Er excitation is reduced. At sufficiently high pump power, however, the Er luminescence intensity is no longer limited by the exciton concentration but rather by the total amount of excitable Er. Therefore, we can compare the total amount of excitable Er in samples with different Er concentrations by comparing Er luminescence intensities at high pump power. Figure 16 shows the pump power dependence of the Er (1536 nm) and nanocrystal (750 nm) luminescence intensity for samples containing 0.015 at.% Er and 1.8 at.% Er. For both samples the nanocrystal luminescence intensity was scaled to coincide with the low-power Er luminescence intensity. Below 20 W the Er luminescence and the nanocrystal luminescence depend linearly on pump power. At these low pump powers the Er luminescence intensities from the two samples differ by a factor of Ϸ2. Increasing the pump power leads to a sublinear increase of the Er luminescence in both samples, suggesting that a significant fraction of the excitable Er is brought into the first excited state. At a pump power of 50 mW the nanocrystal luminescence continues to increase, while the Er luminescence intensity levels off. Hence, in this pump power regime the exciton generation rate is no longer the limiting factor for the Er luminescence intensity. Nevertheless, the Er luminescence intensities for the two samples at 50 mW pump power differ by only a factor of 5, even though the total amount of Er in the samples differs by more than a factor of 100. This shows that the concentration of excitable Er in the high concentration (1.8 at.%) sample is at most 5 times higher than in the low concentration (0.015 at.%) sample, suggesting that the concentration of excitable Er is Ͻ0.1 at.%. This is consistent with the concentration limit of Ͻ0.17 at.% Er found above.
C. Models Describing the Erbium Concentration Limit
The existence of an upper limit to the amount of excitable Er could indicate that there is a limit to the amount of optically active Er that can be incorporated in this material. This may, for example, be caused by Er clustering or ErSi 2 formation at the Si-SiO 2 interface, which would prevent the Er from being in the 3ϩ valence state. However, measurements on Er-and Si-nanocrystal-doped waveguides show a strong Er 3ϩ -related absorption, 39 suggesting that a large fraction of the Er be in the optically active state.
Alternatively, the observed concentration limit could be an intrinsic property of the excitation process. The amount of excitable Er is low when the effective Er excitation efficiency is influenced by the presence of excited Er. Two models that would explain such behavior are:
1. Auger de-excitation, in which the already excited Er ion transfers its energy to an exciton generated in the nearby nanocrystal. A similar process has been shown to occur in Er-doped bulk Si. 47 After such Auger deexcitation the exciton can relax and subsequently excite an Er ion, effectively bringing the system back to the situation before the exciton was formed; or 2. Pair-induced quenching, in which two excited Er ions can interact, yielding one Er ion in the 4 I 9/2 state that rapidly decays to the first excited state, and one Er ion in the ground state. This cooperative upconversion effect usually causes a shortening of the Er decay rate at high pump powers, which was not observed. However, if 
From the measured Er excitation rate of Ϸ300 s Ϫ1 at 1 mW (Fig. 15) we can determine an effective absorption cross section eff for the Er excitation process. We find that eff Ϸ 10 Ϫ15 cm 2 at 458 nm, which is a factor of 10 5 -10 6 larger than what can be achieved by using direct optical pumping of the Er ions, and similar to the Si nanocrystal absorption cross section at a pump wavelength of 458 nm. 43 This high cross section makes this nanocrystal sensitization concept ideal for application in waveguide amplifiers. Because of the wide nanocrystal absorption spectrum the pump wavelength can now be chosen over a broad spectral range. In fact, a LED or broadband white light source may now be used as a pump.
D. Gain-Limiting Processes in Erbium-Doped SiliconNanocrystal Waveguides in SiO 2
A Si-nanocrystal-sensitized, Er-doped optical waveguide was fabricated as described in Ref. 39 . Figure 17(a) shows the Er and Si concentration depth profiles. The Si concentration profile peaks at a depth of 240 nm at a peak concentration of 42 at.%, corresponding to an excess Si concentration of 13 at.%. Assuming an average nanocrystal diameter of 3 nm, 48 the nanocrystal concentration at the peak of the Si profile is estimated to be 1.3 ϫ 10 19 cm Ϫ3 . The Er concentration profile peaks at a depth of 240 nm at a peak concentration of N Er ϭ 8.3 ϫ 10 20 cm Ϫ3 (i.e., Ϸ50 Er ions per Si nanocrystal). A series of 3.5-m-wide ridge waveguides was formed in the implanted and annealed SiO 2 film by standard photolithography and Ar beam etching to a depth of 0.5 m, i.e., well beyond the Si-doped region. The excess Si inside the ridges locally raises the index of refraction, providing the index contrast required for optical mode confinement. To reduce scattering losses, the waveguides were covered with a 1.25-m thick SiO 2 cladding layer by means of microwave sputtering. The samples were subsequently cut to a length of 8 mm, and the waveguide input and output facets were mechanically polished. A sketch of the final structure is drawn in Fig. 17(b) , where y ϭ 0 corresponds to the position of the SiO 2 surface before the etching process. The light gray area represents the remaining SiO 2 after etching of the ridge, and the location of the implanted Er and Si is indicated by the dark gray line at y ϭ 0.24 m. The smooth solid line at y Ϸ 1 m corresponds to the sample surface after deposition of the SiO 2 cladding layer. Figure 17 (b) shows iso-intensity contours of the optical mode image at 1.49-m light from an InGaAsP laser guided through the waveguide. The emission from the output facet was projected onto an infrared camera by a microscope objective. At this wavelength the waveguide supports only the fundamental mode. The mode is slightly elliptical, with a FWHM of 3.8 m in the x direction and 3.1 m in the y direction (uncorrected for imaging resolution). In this particular sample structure, with only a small section of the waveguide doped with Er, the Er-related absorption and gain will be small, as the effective overlap ⌫ of the optical mode with the Er profile is only 1%. This low value can easily be increased by changing the size of the nanocrystal-doped core by performing multiple Er and Si implants, or by depositing a layer of Er-and Si-doped SiO 2 , e.g., by using sputter deposition 33 or chemical vapor deposition. 49 Figure 18(a) shows normalized transmission spectra of Si nanocrystal waveguides containing no Er (dotted curve) and 1.3 at.% Er (solid curve), measured by using a broadband light source butt-coupled to the nanocrystal waveguide by a single-mode tapered fiber. In the Erdoped sample a clear dip is observed at Ϸ1.53 m due to the 4 I 15/2 → 4 I 13/2 absorption transition of Er 3ϩ . The Errelated absorption obtained by dividing the normalized curves in Fig. 18(a) is shown in Fig. 18(b) (solid curve). The peak absorption at 1.532 m is found to be 2.7 dB/cm. From the calculated mode overlap with the Er-doped layer, the absorption cross section at 1535 nm was derived: ϭ 8 ϫ 10 Ϫ20 cm 2 . This value is more than a factor of 10 larger than values found in Er-doped Si (2 ϫ 10 Ϫ20 cm 2 ) 25 and SiO 2 (Ϸ4 ϫ 10 Ϫ21 cm 2 ). Additional evidence for such an unusually high cross section has also been found later by Han et al. 50 and Pacifici et al. 51 The large cross section may be due to the strong asymmetry of the local dielectric environment of the excitable Er 3ϩ ions (note that in a perfectly symmetrical geometry the 4 I 13/2 → 4 I 15/2 transition is parity forbidden). This may also explain the relatively short luminescence lifetimes typically observed in this type of material. The high absorption cross section would also translate into a high emission cross section, 52, 53 which implies that high gain could be achieved in this material over a short length.
Optical pumping was achieved by projecting a 458-nm laser beam onto the top of the waveguide by a cylindrical lens. The elongated spot was aligned with the waveguide and evenly covered the full waveguide length. Figure  18(b) shows the spectrum of guided Er PL collected at the output facet. The spectral shape was found to be independent of the applied pump power in the range 25-180 mW. From PL rise and decay time measurements at 1.535 m it follows that at the lowest applied pump power (25 mW) the Er excitation rate R Er is at least 570 s Ϫ1 , which would be sufficient to keep 70% of the excitable Er in the first excited state.
Next, optical gain measurements were performed by measuring transmission spectra as a function of pump power. It was found in this sample that even at a pump power as high as 250 mW, no change in the Er-related absorption could be detected within the measurement accuracy. This puts an upper limit on the amount of Er in the waveguide that is excited through Si nanocrystals. On the basis of experimentally obtained values for Er and ⌫ and the known noise in our transmission spectra of 1%, we conclude that the concentration of inverted Er ions in the Si-nanocrystal-doped region must have been less than 3 ϫ 10 19 
SILVER AS A SENSITIZER FOR ERBIUM
In the search for sensitizers for Er, we have also studied PL-enhancement effects that Ag might have on Er 3ϩ in oxide glass. 55 Ag can be introduced easily to concentrations of several atomic percent into glasses by an ion exchange process, 56 interchanging network modifiers of the glass such as Na ϩ or K ϩ with Ag ϩ ions. This is a standard process for fabricating waveguides for integrated optics. Several absorption and emission bands in the visible and near ultraviolet related to Ag have been observed in glasses, 57, 58 opening the possibility of energy transfer toward Er 3ϩ . Doping glasses with Ag, however, gains an additional dimension in that nanometer-sized crystals can be precipitated.
In the following we will report investigations of borosilicate glass doped with Er by ion implantation and with Ag by ion exchange. By adjusting the doping procedure we are able to fabricate samples with a high concentration of dissolved Ag and little or no Ag nanocrystals, and samples in which a considerable amount (but not all) of the Ag aggregates into crystallites.
The borosilicate glass substrates we used for these experiments were 1-mm thick Schott BK7 wafers. Ag was introduced into the samples by a Na ϩ ↔ Ag ϩ ion exchange in a salt melt containing 5 mol.% AgNO 3 and 95 mol.% NaNO 3 . The samples were left in the melt for 7 min at 310°C. Er was implanted at an energy of 925 keV to a fluence of 3.1 ϫ 10 15 cm Ϫ2 in the glass substrate at liquid nitrogen temperature. Two samples were prepared combining these two doping techniques. One was first implanted with Er and subsequently ion-exchanged, while the other underwent the ion exchange first, and the resulting Ag ϩ -doped glass was then implanted with Er. The bombardment of Ag ϩ -doped glass with heavy ions, as in the latter case, has been shown to lead to the formation of Ag nanocrystals. 59 For reference purposes, another glass sample was implanted with Er under the same conditions, but did not undergo ion exchange. All samples were annealed in vacuum for 30 min at 350°C.
From Rutherford backscattering spectrometry we obtain a silver concentration of 2.2 at.% in the sample first ion-exchanged, then Er implanted, and Ϸ3 at.% for the sample implanted with Er before the ion exchange. These values are approximately constant up to a depth of Ϸ600 nm. For comparison, the Er range for our implantations amounts to 250 nm. We attribute the difference in Ag ϩ concentration between the two samples to variations in the diffusivity of Ag ϩ ions due to damage by the ion irradiation in the glass. While Ag is present predominantly as Ag ϩ ions in the sample implanted with Er before ion exchange, irradiation with heavy ions after ion exchange leads to the agglomeration of a considerable amount of the Ag ions into metallic nanocrystals. 59 Normal-incidence transmission spectra were measured on a dual-beam photospectrometer in the wavelength range between 300 and 2000 nm. An untreated glass slide was placed in the reference beam to measure changes in the transmission spectrum caused only by the various treatments of the samples. Figure 19 compares the absorbance induced by the preparation of the two samples doped with Ag and Er. The distinctive band peaking at 420 nm observed for the sample ion-implanted after ion exchange is caused by the surface plasmon resonance in the Ag nanocrystals. The fraction of Ag agglomerated in nanocrystals estimated from the strength of the absorption is Ϸ30%. The sample that was ion-exchanged after Er implantation shows an increased absorbance, rising toward shorter wavelengths, whose origin might be related to the ion exchange. A similarly shaped, yet slightly lower, structure underlies the surface plasmon band.
In Fig. 20 we have plotted the normalized emission spectra of the three samples (including the reference sample containing no Ag ϩ ) between 1400 and 1700 nm.
The spectra are identical for the three samples. While the luminescence of the sample without Ag has been excited with 488-nm radiation into the 4 F 7/2 state of Er 3ϩ , the samples containing Ag show strong PL even when excited with 476-nm light, a wavelength at which Er 3ϩ does not absorb. This is illustrated by the excitation spectrum for the sample doped only with Er in Fig. 21(a) , measured by using the lines from the Ar ϩ laser. Only when excited at 515, 488, and 360 nm is significant emission from Er 3ϩ at Ϸ1540 nm observed. In contrast, Er 3ϩ can be excited over a wide spectral range in both samples containing Ag, extending from the near ultraviolet to the red, as is evident from Fig. 21(b) . Note the difference in the intensity scale between Figs. 21(a) and (b) , calibrated by PL inten- Fig. 19 . Absorbance of silica glass samples doped with Er and Ag. The band at Ϸ420 nm is caused by the plasmon resonance of Ag nanocrystals formed during Er implantation into Agcontaining glass. The data were measured relative to an untreated reference glass slide. sity measurements excited with the 488-nm line of the Ar ϩ laser. The emission intensity at 1540 nm is enhanced by a factor of 20 and 70 for the samples with and without Ag nanocrystals, respectively, when they are excited with 488-nm radiation. Another fourfold increase of the Er 3ϩ PL is achieved by reducing the pump wavelength from 488 to 360 nm. The PL lifetime measured at 1538 nm is 2.5 ms for the sample doped only with Er and 1.0 ms for the samples doped with Er and Ag.
Interestingly, in Fig. 21(b) the shape of the excitation spectrum for the two Ag-doped samples is identical. The sensitizing effect is larger for the sample that was first implanted and then ion-exchanged. This is the sample that has no Ag nanocrystals (or only a small number) and the larger Ag concentration dispersed as Ag ϩ ions. This, together with the fact that the excitation spectrum does not match well with the absorbance spectrum for Ag nanocrystals in glass (Fig. 19) , indicates that not the Ag nanocrystals but the Ag ϩ ions cause the enhanced Er excitation. Note that in the sample that contains Ag nanocrystals, a large fraction of the Ag is still present in ionic form.
To find out what Ag ϩ -related energy level in the glass causes the sensitizing effect, the absorbance spectrum in Fig. 19 can be further considered. The absorbance observed for the sample without nanocrystals is several orders of magnitude higher than what would be needed to explain the Er intensity enhancement observed in Fig. 21 . It could thus well be that a much weaker absorption, hidden in the main band observed in Fig. 19 , is responsible for the sensitizing effect.
The absorption of Ag ϩ ions in glasses is generally observed at wavelengths much shorter than the range covered by our measurements, and Ag ϩ ions are therefore unlikely to take part in the excitation mechanism of Er 3ϩ reported here. Several authors 57, 60 have observed an absorption band in the spectral region between 300 and 450 nm in glasses containing high concentrations of Ag, and attributed it to pairs of Ag ions-atoms. It could be that such Ag pairs are at the origin of the energy transfer to Er 3ϩ . It seems unlikely that the excitation takes place via the glass band edge, shifted to longer wavelengths as a result of the introduction of Ag ϩ into the glass. This displacement is usually small for silver concentrations comparable to those in our samples. 57 The sensitizer effect of Ag-related states is particularly interesting because the Ag ϩ ions can also be used to define the waveguide core. Finally, let us mention that the enhancement of Er 3ϩ emission by codoping with Ag is not restricted to doping by ion exchange. Samples into which silver was introduced by ion implantation also showed the broad excitation band for the PL of Er 3ϩ .
SENSITIZED ERBIUM-DOPED ORGANIC CAGE COMPLEXES
As polymer waveguides are becoming more important, both as fibers and in thin-film configurations, 61 it is interesting to study the doping of planar polymer waveguides with Er, and to investigate if optical amplification can be achieved. Such polymer amplifiers could then be integrated into existing optical polymer devices such as splitters, switches, and multiplexers with low coupling losses.
Unfortunately, the inorganic Er salts cannot be dispersed directly into an organic matrix. To avoid this problem, the Er 3ϩ ion must first be encapsulated by an organic ligand. The resulting complex can then be dispersed in a polymer film. The ligand has to be designed such that it provides enough coordination sites to bind the Er 3ϩ ion and to form a stable complex.
Here, we first present the optical properties of different Er-doped polydentate hemispherands that form an overall neutral complex in which the Er 3ϩ ion is encapsulated in a cagelike ligand configuration. 62 In these complexes Er can be excited directly into one of the Er 3ϩ manifolds. Alternatively, it can be excited by way of the organic cage. The cage complex thus serves as a sensitizer for Er. Next, we describe how highly absorbing chromophores can be functionalized to these cage complexes. We report data for Er 3ϩ , Yb 3ϩ , and Nd 3ϩ complexes. Figure 22 (a) shows a schematic representation of a cyclic Er 3ϩ complex in which the first coordination sphere consists of either C-H bonds (cyc-H) or C-D bonds (cyc-D). An acyclic Er 3ϩ complex (acyc-H), sketched in Fig. 22(b) , was also studied: It is open at the top and contains two O(CH 2 ) 3 CH 3 groups. This is slightly different compared with the cyclic complexes, which are closed at the top and have one C 18 H 37 chain attached to the trivalent nitrogen atom. A three-dimensional representation of the cyclic complex is shown in Fig. 22(c) . Figure 23 shows the schematic energy level diagram of the Er-doped cage complex. The complex is first excited from the singlet S 0 ground state to the singlet S 1 excited state, followed by fast relaxation to the triplet T 1 state. From there, energy transfer to the Er 3ϩ 4f levels may take place. From these levels, rapid relaxation to the 4 I 13/2 first excited state in Er 3ϩ takes place. Finally, the Er 3ϩ may decay to the 4 I 15/2 ground manifold by the emission of a 1.54-m photon.
A. Polydentate Cage Complex Sensitizers
After synthesis, the Er 3ϩ -complex solutions were dried, mixed with KBr, and then pressed to 1-mm thick tablets with a diameter of 1.2 cm. The Er concentration was Ϸ1 wt.%. This concentration does not take into account the (unknown) amount of water that may remain in the tablets as a result of the preparation process. To exclude the effect of quenching due to OH in the host, some measurements were performed on solutions in deuterated butanol (Ͼ 98%) at a complex concentration of 10 Ϫ4 M or dimethylformamide at a concentration of 2 ϫ 10 Ϫ3 M. In all solvents acyc-H dissolved rather well, but the solutions with the cyclic complexes appeared somewhat turbid, indicating that not all the material had dissolved. Figure 24 (a) shows normalized, room-temperature PL spectra for the three complexes in KBr after excitation at 488 nm into the 4 F 7/2 level (see Fig. 23 ). Clear Er 3ϩ luminescence around 1.54 m is observed. The FWHM of all spectra is 70 nm. This is much wider than for any other Er-doped material: Er-implanted SiO 2 (11-nm FWHM), 63 phosphosilicate glass (25-nm FWHM), 63 sodalime silicate glass (19-nm FWHM) , 64 Al 2 O 3 (55-nm FWHM), 65 and fluorohafnate glass (64-nm FWHM).
1 Such a broad spectrum permits a wide gain bandwidth for optical amplification.
No comparison of the absolute PL intensities could be made for the three complexes, as the intensity varies over the KBr tablets (by a factor of 2-3). The spectral shapes measured for the two cyclic complexes are identical, and slightly different from that for the acyclic complex. This difference is attributed to a small difference in local environment for the two types of complexes. Figure 24(b) shows the normalized, room-temperature PL spectra for the Er 3ϩ complexes in dimethylformamide. Again, the shapes of the spectra observed for cyc-H and cyc-D are similar, but slightly different compared with the spectrum of acyc-H. Figure 25 shows the room temperature PL spectrum of acyc-H in KBr after excitation at 337 nm (pulse energy 20 J). The 337-nm pump light is absorbed in the tail of the absorption band of the aromatic rings of the ligand. Energy transfer to the Er 3ϩ ion then leads to excitation of the Er 3ϩ , resulting in the observed 1.54-m luminescence. This is direct evidence that the aromatic rings act as a sensitizer for Er.
From extinction spectra reported in Ref. 67 This may be related to differences in average electron distribution around the Er 3ϩ ion for organic complexes compared with inorganic hosts.
The luminescence lifetimes in the cyc-H complexes were found to be quite low: 0.5 s in KBr and 0.8 s in butanol-OD. These lifetimes are much shorter than the radiative lifetime of 4 ms estimated from the cross section spectrum. This indicates that significant quenching of the Er 3ϩ luminescence takes place. From temperaturedependent measurements it was found that the large quenching is not due to a temperature-activated effect, such as, e.g., phonon-assisted decay. Selective deuteration experiments showed that coupling to vibrational states of C-H bonds was also not the main origin of the quenching. A remaining hypothesis is, then, that Er is quenched by OH groups (in the form of MeOH or water) that are coordinated to the Er 3ϩ ion. OH is present in the liquids (mainly alcohols) that are used in the preparation of the Er 3ϩ complexes, and in the (highly hygroscopic) solvents used for the measurements. Indeed, molecular-dynamics simulations of trivalent lanthanide complexes in solution show that one methanol or water molecule can penetrate the first coordination shell of the ion. In particular water may preferentially solvate the Er 3ϩ ion. 68 It is the most potent quencher of lanthanide luminescence, and has a significantly stronger interaction with the lanthanide than, for instance, alcohols. An OH group positioned near the Er 3ϩ ion will result in efficient quenching of the luminescence, because its first vibrational overtone is resonant with the 4 I 13/2 → 4 I 15/2 transition of Er 3ϩ . Work by Ermolaev and Sveshnikova 69 shows that the rate constant for deactivation of the Er 
over deactivation by way of C-D bonds at 0.22-0.25 nm (k ϭ 5 ϫ 10 6 s Ϫ1 ). With these short luminescence lifetimes, very high pump powers are required to invert the Er ions. 62 However, this problem can be solved by excitation of the complex by way of the aromatic part of the ligand at 287 nm. At this wavelength the absorption cross section of the ligand is Ϸ8.5 ϫ 10 Ϫ18 cm 2 , much higher than the cross section for direct absorption of the Er 3ϩ ion at 488 nm ͓(1 -3) ϫ 10 Ϫ20 cm 2 ͔. Energy transfer from the ligand's excited state to the Er 3ϩ ion then results in population of the Er 3ϩ 4 I 13/2 luminescent excited state. The next challenge is to engineer the ligand and to shift the excitation wavelength to the visible in order to be able to use standard semiconductor lasers or LEDs as pump sources. Alternatively, an organic sensitizer with a high absorption coefficient may be attached to the complex to further optimize the pump efficiency. This will be discussed in Subsection 5.B.
B. Sensitized Emission of Er 3ϩ and other Lanthanides in Chromophore-Functionalized Complexes
The great flexibility of organic chemistry makes it possible to functionalize organic lanthanide complexes with a highly absorbing chromophore that serves as an optical antenna by which energy transfer to the lanthanide may take place. The chromophore can be selected to match the desired pump wavelength, typically in the wavelength range 500-700 nm. The energy transfer scheme in these complexes is very similar to that drawn in Fig. 23 : Absorption of a photon brings the sensitizer into its singlet excited state, after which intersystem crossing populates the triplet excited state. From this state, energy transfer occurs to the complexed Ln 3ϩ ion. 70 This energy transfer is of the Dexter type. 71 Factors that determine the rate of energy transfer are (i) the spectral overlap of the normalized emission and absorption spectrum of the donor and acceptor, respectively, (ii) the distance between the donor and the acceptor, and (iii) the energy gap between the donating level of the donor and the accepting level of the Ln 3ϩ ion. A representative complex with lissamine as the sensitizer is shown in Fig.  26 . The distance between the center of the sensitizerthe gray part-and the Ln 3ϩ ion is Ϸ1 nm. The effective average Bohr radius for the excited lissamine and the unexcited Nd 3ϩ ion is Ϸ0.25 nm. In this particular example, the small spatial overlap leads to an energy transfer rate that is only 3% of the rate that would be achieved in the (idealized) case of complete coupling. Several alternative complexes were fabricated that have much better coupling.
Until now, fluorescein, erythrosine, eosin, triphenylene, porphyrin, and Pt(PPh 3 ) 2 catecholate have been shown to act as sensitizers for Er 3ϩ . [72] [73] [74] [75] [76] [77] Fluorescein, erythrosine, eosin, triphenylene, dansyl, lissamine, coumarin, ferrocene, Ru(bipyridine) 3 , and a Pt(II) complex also sensitize Nd 3ϩ and Yb 3ϩ . 72, 73, 76, 78 The emission spectra of Nd 3ϩ , Yb 3ϩ , and Er 3ϩ complexes functionalized with fluorescein are shown in Fig. 27 . In these complexes the fluorescein is placed at approximately 0.6 nm from the Ln 3ϩ ion. 72 De Sa et al. 70 and Gonçalves e Silva et al. 79 derived selection rules for Förster and Dexter energy transfer to Eu 3ϩ and Sm 3ϩ . The selection rules for energy transfer from sensitizer to the Ln 3ϩ (2Sϩ1) ⌫ J 4f levels are ͉⌬J͉ ϭ 2, 4, 6,... for the dipolar and multipolar energy transfer (Förster type) and ͉⌬J͉ ϭ 0, 1 (but forbidden for J ϭ JЈ ϭ 0) for the electron exchange mechanism (Dexter type). It should be noted that these rules are (somewhat) relaxed by mixing from allowed transitions (e.g., 4f -5d transitions). 80 We have identified the 4 I 13/2 level as the most likely level of Er 3ϩ to which fluorescein, eosin, and erythrosine donate their energy. 72 With triplet state energies in the range of 15,000-16,000 cm
Ϫ1
, this implies that the energy gap with the 4 I 13/2 level of Er 3ϩ is large (6,500 cm
) and consequently the energy transfer rate low. The energy transfer rate could be improved by using a sensitizer with lower triplet energy. Ideally, the triplet energy should then be 1,500-2,000 cm Ϫ1 above the 4 I 13/2 level of Er 3ϩ . This small energy gap then would prevent energy backtransfer.
As mentioned above, typically the level from which energy transfer occurs is the first triplet excited state of the sensitizer. Some sensitizers, however, show almost exclusive energy transfer from the first singlet excited state. So far, lissamine and dansyl have shown this for the sensitized emission of Nd 3ϩ . 81 As this stage it is not known if energy transfer from the first singlet excited state of the sensitizer to Er 3ϩ is possible. In such a case energy transfer could also take place through Förster transfer by exciting the 4 I 15/2 → 4 I 11/2 transition in Er 3ϩ (⌬J ϭ 2). 70, 79 In selecting a proper sensitizer for a given lanthanide ion, one would intuitively consider a sensitizer with a low fluorescence efficiency, i.e., a high intersystem crossing rate. However, as it turns out, the presence of a Ln 3ϩ ion can increase the intersystem crossing quantum yield even for sensitizers that have a small intrinsic intersystem crossing yield. Sensitizers with inherent high yields of fluorescence, e.g., fluorescein, have intersystem crossing quantum efficiency larger than 90% when bound to a Ln 3ϩ complex similar to that in Fig. 27 . 72 Major factors in engineering the Ln 3ϩ -sensitizer combination are matching the donating and accepting levels and bringing the sensitizer close to the Ln 3ϩ ion. The latter can easily be done by making complexes in which the sensitizer is coordinated directly to the Ln 3ϩ . We have shown this for Eu 3ϩ , Nd 3ϩ , Yb 3ϩ , and Er 3ϩ with ␤-diketonates as sensitizer. 82, 83 C. Lissamine-Functionalized Nd 3؉ 
Complexes in Polymer Waveguides
In this section we further explore the optical properties of one specific Ln 3ϩ -sensitizer combination, that of a terphenyl-based Nd 3ϩ complex with and without a highly absorbing lissamine antenna chromophore in the form of a Rhodamine-B derivative (termed Ls.Nd and Bz.Nd, respectively). 84 The complexes were synthesized by the procedure described in Ref. 85 (see Fig. 26 ). The complexes were dissolved in hexadeutero-dimethylsulfoxide (DMSO-d6) to a concentration of 10 Ϫ2 M for Bz.Nd and 10 Ϫ6 M for Ls.Nd, or dissolved in partially fluorinated polycarbonate 86 waveguides at a concentration of 3 wt.% (complex).
In complexes without lissamine, excitation of the Nd 3ϩ ion at a wavelength of 515 nm leads to population of the 4 G 7/2 level, from which it decays to the 4 F 3/2 level. Decay from this level leads to the characteristic Nd 3ϩ luminescence at 890, 1060, and 1340 nm due to transitions to the 4 I 9/2 , 4 I 11/2 and 4 I 13/2 levels, respectively (see Fig. 27 ). Figure 28 shows the PL intensities at 1060 nm for a 10 Ϫ2 M solution of Bz.Nd and a 10 Ϫ6 M solution of Ls.Nd, both in DMSO-d6, at different excitation wavelengths as available from the Ar-ion laser. 87 The absorption spectrum measured for the same solutions is also included in the figure. The pump power for excitation was 60 mW for all excitation wavelengths. The excitation spectrum for the complex without sensitizer (Bz.Nd) shows some structure that is roughly similar to that found in the absorption measurement, and is consistent with the absorption bands of the Nd 3ϩ ion at Ϸ475 nm and Ϸ513 nm. The excitation spectrum for the complex with sensitizer (Ls.Nd) shows a completely different behavior: The 1060-nm emission intensity increases strongly with excitation wavelength, again very similar to what is found for the absorption spectrum. Given that the lissamine complex shows a broad absorption band at Ϸ580 nm, this clearly indicates that the excitation of Nd 3ϩ at Ϸ500 nm takes place by way of the sensitizer. The absorption of the lissamine occurs at the xanthene unit (i.e., the gray part in the structure for Ls.Nd in Fig. 26 ). Note that the measured absorption cross section is in the 10 Ϫ17 cm 2 range, which is four orders of magnitude higher than the typical Nd 3ϩ intra-4f transition cross section. Figure 29 shows the room-temperature PL spectra for 10 Ϫ2 -M Bz.Nd and 10 Ϫ6 -M Ls.Nd in DMSO-d6 as recorded under excitation at 515 nm at a pump power of 60 mW. The complexes show room-temperature PL of Nd 3ϩ at 890, 1060, and 1340 nm. Although the concentration of Ls.Nd is 10 4 times lower than the concentration of Bz.Nd, the PL intensity is 2 times higher. Optical absorption measurements at 515 nm for both solutions show an almost identical absorption: 0.033 cm Ϫ1 for 10 Ϫ2 M Bz.Nd and 0.031 cm Ϫ1 for 10 Ϫ6 M Ls.Nd. That the sensitized complex shows higher luminescence than the complex without a sensitizer, even though the measured absorption was the same, indicates that the internal energy transfer efficiency within the sensitized complex is quite high. The factor of 2 difference can be due to the fact that upon direct excitation into the higher-lying state of the Nd 3ϩ ion, the Nd 3ϩ ion can also decay radiatively to the ground level (indeed, 524-nm luminescence has been observed as a result of the 2 K 13/2 → 4 I 9/2 transition), resulting in a lower quantum yield for the near-infrared transitions in the case of direct optical excitation of the Nd 3ϩ at 515 nm. The measured luminescence lifetime at 1060 nm for the Bz.Nd complex in DMSO-d6 is 2.5 s, while for the sensitized Ls.Nd complex it is 2.2 s. The luminescence lifetime of Nd 3ϩ in inorganic materials can be as high as 250 s. 88 The low quantum yield in the organic complexes is attributed to quenching of the Nd 3ϩ excited state by coupling to overtones of nearby C-H and O-H vibrational states.
Finally, we note that these lissamine-functionalized complexes do show significant photodegradation under optical pumping. A more detailed description of these phenomena is presented in Ref. 87 . A novel and promising material that may solve this problem is a silica-based film doped with Er tris 8-hydroxyquinoline (ErQ) which is made by a solgel process. 89 Sensitized emission of Er through the hydroxyquinoline ligand in ErQ has been observed in this compound.
D. Toward an Electrically Pumped Sensitized Planar Amplifier
Recently, the Friend group at Cambridge University and we have shown 890-nm luminescence from a Nd-doped polymer under electrical excitation in a LED. 90 The active layer was a blend of poly(dioctylfluorenecobenzothiadiazole) and a lissamine-functionalized, terphenyl-based Nd complex. It was shown that charge injection into the conducting polymer was followed by energy transfer to the sensitizer, resulting in excitation of the Nd ion. By using this concept of energy transfer from a conjugated polymer to a sensitized rare-earth complex, it becomes possible to fabricate an electrically pumped, polymer waveguide amplifier operating in the nearinfrared. Note that there is no conjugated polymer known that emits at these and longer wavelengths. To have energy transfer from the polymer to the sensitizer, the sensitizer and conjugated polymer must be chosen such that the emission of the polymer overlaps the absorption spectrum of the sensitizer. More details are given in Ref. 90 
COUPLED WAVEGUIDE DESIGN FOR SENSITIZED PLANAR AMPLIFIER
As shown in the previous sections, several strongly absorbing sensitizers for Er are available. One major advantage of a sensitizer is that it provides a means to pump the Er ions at alternative wavelengths for which more convenient pump sources are available. Note that a sensitizer does not increase the pump efficiency, defined as the Er excitation efficiency per absorbed pump photon. In fact, if a strongly absorbing sensitizer is added to the waveguide, the pump will be very rapidly absorbed and only a small fraction of the waveguide pumped. This was illustrated in Section 2 for the weak sensitizer Yb, and this effect will be much stronger for Si-nanocrystal-or lissamine-sensitized waveguides. For such highly absorbing sensitizers a pump geometry may be used in which the pump is projected perpendicular to the sample.
Such a geometry, however, is not always easily constructed, as it is difficult to focus the light onto a narrow waveguide; thus, an alternative design was developed that is described here. 92 In this design the pump is gradually coupled from a nonabsorbing pump guide into the adjacent amplifying guide. By gradually increasing the coupling (i.e., reducing the distance between the guides), it is even possible to maintain a constant pump power along the signal guide.
As an example we will consider a lissamine-sensitized, Nd 3ϩ -doped polymer waveguide. In these complexes, 1340-nm emission of Nd is observed after excitation by the strongly absorbing lissamine sensitizer at 515 nm. If the pump power is higher than the value needed for complete population inversion of the Nd, the excess pump light is still absorbed by the lissamine, leading to a reduced pumping efficiency. Therefore, the pump power should be kept below a certain limit over the length of the waveguide.
In this example, the pump power ( ϭ 515 nm) is coupled through a 0.5-m wide waveguide parallel to a 1.8-m wide signal waveguide ( ϭ 1340 nm) at a spacing between the centers of the waveguide of 2 m. Both waveguides support only the fundamental mode. In the present geometry, coupling from the signal waveguide into the pump waveguide is negligible, as the narrow pump guide does not support the 1340-nm mode. Figure 30 shows the intensity distribution of the pump over the length of the waveguide that was calculated by use of coupled-mode theory. The input pump power was 1.0 W. The intensity decrease in the nonabsorbing pump guide is entirely due to absorption of pump light coupled into the highly absorbing signal waveguide. In the present configuration the pump power is almost completely absorbed after a distance of about 4 cm. The pump power in the signal guide as a function of the distance follows the same decreasing trend because the coupling constant is constant over the length of the waveguides. This is not visible on the scale of Fig. 30 because the coupling constant is very small. The pump power in the signal guide can be determined by integrating the data in Fig. 30 across the signal waveguide. The result is shown in Fig. 31 . As can be seen, the power in the signal guide decreases from about 6 mW to almost zero over a distance of 4 cm.
The Nd 3ϩ level system can be described by a four-level system in which there is no minimum pump power required for optical gain. The differential gain along the amplifier is calculated by using the known rate equations for the Nd 3ϩ level system, which are given in Ref. 92 , and the pump power as a function of distance shown in Fig.  30 . The result is shown in the inset of Fig. 31 . Note that even with a pump power as low as 6 mW at the beginning of the signal guide, the differential gain is still reasonably high (Ϸ1.6 dB/cm). The total optical gain for this waveguide amplifier is calculated to be 1.6 dB for a 4-cm long waveguide amplifier for a waveguide with 5 ϫ 10
19 Nd/cm 3 . 92 To show the advantage of distributed coupling, the inset of Fig. 31 also includes the differential gain obtained by using conventional butt coupling at the same input pump power of 1 W. Note that all pump power is completely absorbed within the first 50 m. The total gain for this case is only 0.005 dB.
COMPARING THE FOUR SENSITIZER CONCEPTS
Four sensitizing concepts have been reviewed in this article. Yb is the weakest sensitizer of the four, with an ab- sorption cross section at 980 nm that is Ϸ10 times higher than that of Er at 980 nm. The relatively weak sensitization effect enables the use of Yb in waveguide geometries where pump and signal are copropagating. By a careful choice of waveguide length and Er and Yb concentration, Yb can provide enhanced gain for a given pump power. Because of their narrow absorption spectrum, Yb ions must be pumped through a laser source. The detailed nature of Ag as a sensitizer for Er needs to be explored further. The effective sensitization efficiency in Ag-doped silica glass was found to be somewhat higher than that of Yb, and occurs over a broad wavelength range.
Si nanocrystals have very broad absorption, and a 10,000-times-higher absorption cross section than Er. This enables the use of a white light source or LED as the pump. The high cross section implies that the waveguide must be pumped from the top or the side, thus requiring a novel integration design. The same is true for the organic sensitizers functionalized with Er. Organic chemistry has the great advantage of flexibility in design, so that the sensitizer absorption spectrum can be matched to the desired pump source. The main disadvantage of these organic complexes is the low internal quantum efficiency of the lanthanides. In addition, the organic cage complexes exhibit relatively strong photodegradation. Organic sensitizers may find applications in electrically pumped devices, where they play an essential role in mediating the energy transfer between the electrically conducting polymer. One way to solve the internal quenching problem of the lanthanides would be to incorporate them in an inorganic nanostructure (e.g., silica, silicate), which can then be functionalized such that it can be dissolved in an organic (polymer) matrix. Initial experiments on this concept showed promising results. 93, 94 The next challenge would be to integrate an organic sensitizer into this organic-inorganic nanocomposite material in such a way that it couples to the lanthanide ion.
One important effect of the use of a sensitizer is the reduction of ESA, in particular when a broadband pump is used rather than an intense laser source. Note that for Yb as a sensitizer, typically a 980-nm pump laser is required, and this wavelength does cause ESA in Er. For the other sensitizers that have broadband absorption, the pump source may be selected such that it does not cause ESA.
To enable high gain over a short length, high Er concentrations are required. Using Si nanocrystals as a sensitizer results in a limit to the amount of the Er that can be incorporated, as the nanocrystals themselves take up a significant volume fraction. Given the observation that a single nanocrystal can excite only a single Er ion, the Er/ nanocrystal ratio must be carefully engineered. One factor that may be of help here is the preliminary observation that the optical cross sections of Er in silica are enhanced by the presence of Si nanocrystals.
In terms of fabrication technology, Yb codoping typically is compatible with Er-doped glass fabrication technology. Ag is particularly attractive as a sensitizer in Agion-exchanged glass in which Ag ions serve to define the waveguide core as well, thus enabling high overlap between waveguide mode and sensitizer distribution. Si nanocrystals are relatively easily made by precipitation from a supersaturated solution of Si in SiO 2 that can be made by using low-pressure chemical vapor deposition. Organic synthesis enables the fabrication of large quantities at low cost and easy integration with spin-coating technology to form polymer-based waveguides.
ERBIUM ITSELF AS A SENSITIZER
Finally, we note two interesting examples where Er itself can act as a sensitizer. As mentioned in Section 3, bulk semiconductors are in principle ideal sensitizers for Er, as the coupling between excitonic states in the semiconductor and the Er 4f electronic states is very strong. For Er in crystalline Si the coupling leads to a (unwanted) backtransfer process in which excited Er decays by the generation of an electron-hole pair in the Si crystal. This backtransfer can be used in an advantageous way to achieve infrared photodetection in Si, as we recently demonstrated. 95 In this scheme, a Si p-n junction is doped with Er ions. Infrared light incident on the device is absorbed by the Er ions, and subsequently electronhole pairs are generated in the Si by backtransfer. Electrons and holes are then separated by the internal electric field in the junction, and thus a photocurrent can be detected. So the Er ions act as sensitizer for electronic excitations in the semiconductor crystal.
In a second example of energy transfer away from Er, the interaction between Er and Tm was studied. Tm shows broadband emission in the 1600-2100-nm wavelength range. Materials codoped with Er and Tm could thus serve as gain media in optical amplifiers with very high bandwidth. Recently, we studied Er-and Tmcodoped, silicon-rich SiO 2 in which both Er and Tm were sensitized through Si nanocrystals. 96 It was found that significant energy transfer occurred from excited Er to excited Tm, causing quenching of Er and upconversion of Tm ions into their third excited state. The upconverted Tm ions cause transitions at a wavelength slightly shorter than that of Er, thus providing yet a third band of optical amplification in Er-Tm codoped material.
CONCLUSIONS
In this paper, after a brief review of the sensitizing concept for the Yb-Er system, three sensitizers for erbium have been reviewed based on semiconductor nanocrystals (Si), metal ions (Ag), and organic complexes. Sensitizers serve to increase the excitation rate per incoming photon, or to permit excitation of Er at wavelengths at which Er itself shows no absorption. For the Yb-Er case it is shown with a rate-equation model that the sensitizing is effective only for well-chosen Yb and Er concentration ratios that depend critically on waveguide length and available pump power. Silicon nanocrystals have broadband absorption for wavelengths below 900 nm. They can couple to Er at a rate faster than the internal nanocrystal recombination rate, and with very high efficiency, but the number of Er ions that can be excited is limited to 1-2 per nanocrystal. Silica glass doped with Ag ϩ ions also shows a strong sensitizing effect that we attribute to a Ag ϩ -related defect that absorbs strongly and couples to Er 3ϩ . The strongest sensitizing effect is observed at 360 nm and extends up to Ϸ600 nm. Finally, rare-earthdoped organic cage complexes are addressed that can be integrated with polymer technology. Er 3ϩ ions can be sensitized through the aromatic ring of the polydentate cage at Ϸ300 nm. By attaching strongly absorbing chromophores such as lissamine, a strong sensitizing effect is found in the visible spectral range (580 nm). Finally, we address which sensitizer is most suitable for a particular application, and show two examples where Er itself serves as a sensitizer.
